Pseudomonas putida Fl and Pseudomonas sp. strain JS150 initiate toluene degradation by incorporating molecular oxygen into the aromatic nucleus to form cis-1,2-dihydroxy-3-methylcyclohexa-3,5-diene. When toluene-grown cells were incubated with 2-and 3-nitrotoluene, the major products identified were 2-and 3-nitrobenzyl alcohol, respectively. The same cells oxidized 4-nitrotoluene to 2-methyl-5-nitrophenol and 3-methyl-6-nitrocatechol. Escherichia coli JM109(pDTG601), which contains the toluene dioxygenase genes from P. putida Fl under the control of the tac promoter, oxidized the isomeric nitrotoluenes to the same metabolites as those formed by P. putida Fl and Pseudomonas sp. strain JS150. These results extend the range of substrates known to be oxidized by this versatile enzyme and demonstrate for the first time that toluene dioxygenase can oxidize an aromatic methyl substituent.
Nitrotoluenes are used extensively in the manufacture of azo and sulfur dyes and in the production of explosives (13) . They have been detected in wastewater from paper mills and chemical plants, and it is estimated that the levels of 2-and 4-nitrotoluene in wastewater from 2,4,6-trinitrotoluene manufacturing facilities may be as high as 16 and 9.2 ppm, respectively (24) . Little is known about the environmental fate and biodegradation of these compounds.
It has been suggested that aromatic hydrocarbons with nitro substituents are resistant to electrophilic attack by oxygenases. This is attributed to the electron-withdrawing properties of nitro groups on the aromatic nucleus (3) . In contrast, polar nitroaromatic compounds such as nitrophenols (3, 20, 21, 26) and nitrobenzoic acids (4, 5) are readily biodegradable. Several studies have shown that nitrotoluenes can be transformed to aromatic amines by bacteria (7, 13, 16) , and a very recent report has shown that the methyl group of m-and p-nitrotoluene can be oxidized by the toluene monooxygenase encoded by the TOL plasmid (6) . However, there is little information available on the structure and physiological properties of metabolites that are formed by the bacterial oxidation of nitrotoluenes.
The first intermediate in the degradation of toluene by Pseudomonas putida Fl and Pseudomonas sp. strain JS150 is cis-1,2-dihydroxy-3-methylcyclohexa-3,5-diene (cis-toluene dihydrodiol) (8, 10) . The enzyme catalyzing this reaction, toluene dioxygenase, has a relaxed substrate specificity and is capable of oxidizing a wide range of aromatic compounds (11) .
We now report novel reactions in the oxidation of isomeric nitrotoluenes by the oxygenases in P. Organisms and culture conditions. Pseudomonas sp. strain JS150 (12), P. putida Fl (9) , and E. coli JM109(pDTG601) (27) were isolated as described in the references cited. Liquid cultures of JS150 and P. putida Fl were grown in minimal salts medium (MSB) (23) with toluene as described previously (9) .
Transformation of nitrotoluene by JS150 and P. putida Fl.
Pseudomonas strains were grown overnight on toluene, harvested by centrifugation, and suspended in 100 ml of to contain 52% 1602, 46% 1802, and 2% 1602-)802 as described previously (22) . 4-Nitrotoluene was added to a final concentration of 10-4 M. A control culture contained air in the headspace. Samples from the control culture were taken as described above and analyzed by HPLC for the disappearance of 4-nitrotoluene and the appearance of metabolites. After complete converison of 4-nitrotoluene (1.75 h), the reaction mixtures from both flasks were centrifuged to remove cells and the clear supernatant solutions were extracted with equal volumes of ethyl acetate. The extracts were dried over anhydrous sodium sulfate and the solvent was removed in vacuo at 40°C. The residues from each flask were dissolved in ethyl acetate and analyzed by gas chromatography-mass spectrometry (GC-MS).
Isolation and purification of 3-methyl- 
RESULTS
Oxidation of nitrotoluenes by Pseudomonas sp. strain JS150 and P. putida Fl. Glucose-grown cells of Pseudomonas sp. strain JS150 and P. putida Fl did not catalyze the oxidation of 2-, 3-, or 4-nitrotoluene. In contrast, toluene-grown cells of Pseudomonas sp. strain JS150 and P. putida Fl catalyzed the almost stoichiometric oxidation of 2-nitrotoluene to 2-nitrobenzyl alcohol (Fig. 1A and 2A) . Experiments with 1802 showed the incorporation of one atom of molecular oxygen, indicating that 2-nitrobenzyl alcohol is formed by a monooxygenation of 2-nitrotoluene (data not shown). JS150 also produced small amounts of a transient metabolite (data not shown). The mass spectrum of this compound gave a parent ion at mlz 169 a nitromethylcatechol (see Fig. 3A) . However, the positions of the hydroxyl groups in the metabolite were not determined.
When 3-nitrotoluene was used as a substrate, the metabolites formed by toluene-grown cells of JS150 were 3-nitrobenzyl alcohol and 3-nitrobenzoate (Fig. 1B) . In a separate experiment the same cell preparation oxidized 3-nitrobenzyl alcohol stoichiometrically to 3-nitrobenzoate over a 24-h period. In contrast, P. putida Fl oxidized 3-nitrotoluene to 3-nitrobenzyl alcohol (Fig. 2B ) and 3-nitrobenzoate was not detected during the period of the experiment.
JS150 and P. putida Fl both oxidized 4-nitrotoluene to two products ( Fig. 1C and 2C ). The major metabolite formed by P. putida Fl, and the minor metabolite formed by JS150, (17) . The NMR spectra along with the mass spectrum confirm that the metabolite formed from 4-nitrotoluene by JS150 is 3-methyl-6-nitrocatechol. Toluene-grown cells of JS150 were incubated with 4-nitrotoluene in the presence of a mixture of 1602 and 1802. The mass spectrum of the 3-methyl-6-nitrocatechol formed under these conditions is shown in Fig. 3B . The results indicate that both atoms of oxygen in 3-methyl-6-nitrocatechol originate from a single oxygen molecule.
Oxidation of nitrotoluenes by E. coli JM109(pDTG601A). The preferential oxidation of the methyl group in 2-and 3-nitrotoluene by P. putida Fl and JS150 was unexpected. The possible role of toluene dioxygenase in the formation of nitrobenzyl alcohols was investigated by incubating 2-and 3-nitrotoluene with IPTG-induced cells of E. coli JM109 (pDTG601). This organism contains the toluene dioxygenase genes (todClC2BA) from P. putida Fl in the expression vector pKK223-3, where they are under the control of the tac promoter (27) . Expression of the cloned toluene dioxygenase genes in E. coli JM109(pDTG601) yields cells that oxidize 2-and 3-nitrotoluene to 2-and 3-nitrobenzyl alcohol, respectively (Fig. 4) . Nitrobenzoates were not detected. The same induced cell preparations oxidized 4-nitrotoluene to 2-methyl-5-nitrophenol and 3-methyl-6-nitrocatechol (Fig.   4C ). The latter gave a mass spectrum identical to that shown in Fig. 3A for the 3-methyl-6-nitrocatechol formed by JS150. In a separate experiment, induced cells of E. coli JM109 (pDTG601) oxidized 2-methyl-5-nitrophenol to 3-methyl-6-nitrocatechol (Fig. 4D) . Toluene-grown cells of P. putida Fl gave similar results, whereas cells of JS150 oxidized 2-methyl-5-nitrophenol at very low rates (data not shown). In control experiments, E. coli JM109(pKK223-3), which does not contain the todCJC2BA genes, was incubated for 6 h with 2-, 3-, and 4-nitrotoluene. No products were detected by HPLC under conditions where the detection limits were <0.005 mM.
DISCUSSION
The initial reaction in toluene degradation by JS150 and P. putida Fl is catalyzed by toluene dioxygenase and yields cis-toluene dihydrodiol as the first metabolite (8, 10, 12) . Subsequent oxidation of cis-toluene dihydrodiol leads to the formation of 3-methylcatechol, which undergoes ring fission (Fig. 5A) , and 3-nitrotoluene (C) by JS150 and P. putida Fl. E. coli JM109(pDTG601), which contains the cloned toluene dioxygenase genes from P. putida Fl, catalyzes the formation of cis-toluene dihydrodiol, 2-nitrobenzyl alcohol, and 3-nitrobenzyl alcohol from toluene (27) and 2-and 3-nitrotoluene, respectively.
2-, 3-, and 4-nitrotoluene. However, the major products formed from 2-and 3-nitrotoluene by both organisms were 2-and 3-nitrobenzyl alcohol, respectively. The same nitrobenzyl alcohols were formed by E. coli JM1O9(pDTG601) where the todCJC2BA genes, encoding toluene dioxygenase, are under the control of the IPTG-inducible tac promoter ( . These results clearly demonstrate that toluene dioxygenase is the enzyme responsible for the oxidation of the methyl substituent. This novel monooxygenase activity of toluene dioxygenase extends the range of substrates known to be oxidized by this enzyme system (11) . Early studies with Pseudomonas fluorescens suggested that benzoate dioxygenase could catalyze the oxidation of the methyl group of o-toluate, but the activity was not rigorously attributed to the dioxygenase (14) . Previous studies have shown that toluene dioxygenase from P. putida Fl catalyzes the monooxygenation of indan and indene to benzylic alcohols (2, 25) . In addition, a mutant strain (UV4) of P. putida that oxidizes toluene to cis-toluene dihydrodiol also oxidizes the bicyclic alkenes 1,2-dihydronaphthalene, indene, and 1,2-benzocyclohepta-1,3-diene to bicyclic monols (1). These observations indicate that the current distinctions between monooxygenase and dioxygenase enzymes may be arbitrary and substrate dependent.
P. putida Fl and JS150 oxidized 4-nitrotoluene to 2-methyl-5-nitrophenol and 3-methyl-6-nitrocatechol. Experiments with 180 showed that toluene-induced cells of JS150 incorporated both atoms of molecular oxygen into the aromatic nucleus to form 3-methyl-6-nitrocatechol (Fig. 3) . These results can be explained by the oxidation of 4-nitrotoluene to 1,2-dihydroxy-3-methyl-6-nitrocyclohexa-3,5-diene (4-nitrotoluene-2,3-dihydrodiol). Enzymatic dehydrogenation of the dihydrodiol by toluene dihydrodiol dehydrogenase would yield 3-methyl-6-nitrocatechol. These reactions are analogous to those used by many bacteria to initiate the degradation of aromatic hydrocarbons and related compounds (10) . The formation of 2-methyl-5-nitrophenol by JS150 could be due to the nonenzymatic dehydration of the putative 4-nitrotoluene-2,3-dihydrodiol. The same rationale can be used to explain the oxidation of 4-nitrotoluene to 2-methyl-5-nitrophenol and 3-methyl-6-nitrocatechol by P. putida Fl. However, the formation of significant amounts of 2-methyl-5-nitrophenol suggests that the toluene dihydrodiol dehydrogenase in P. putida Fl is much less active than the isofunctional enzyme in JS150 with 4-nitrotoluene-2,3-dihydrodiol as a substrate. In addition, the oxidation of 4-nitrotoluene to 3-methyl-6-nitrocatechol by E. coli JM1O9(pDTG601) cannot proceed directly through 4-nitrotoluene-2,3-dihydrodiol since this recombinant organism does not express toluene dihydrodiol dehydrogenase. The observation that P. putida Fl and E. coli JM109(pDTG601) catalyze the oxidation of 2-methyl-5-nitrophenol to 3-methyl-6-nitrocatechol suggests that the mechanism involves the initial oxidation of 4-nitrotoluene to 4-nitrotoluene-2,3-dihydrodiol by toluene dioxygenase. Nonenzymatic dehydration of the dihydrodiol would yield 2-methyl-5-nitrophenol, which would undergo further oxidation to the equivalent of a hydrated ketone. The latter would immediately rearomatize to 3-methyl-6-nitrocatechol (Fig. 6 ). Analogous reactions have been postulated to account for the oxidation of substituted phenols to catechols by toluene dioxygenase (19, 22) . Scenarios other than those given above are possible and await the results of experiments in progress with purified dioxygenases from P. putida Fl and JS150.
